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Abstract

Simulation has been widely used for performance prediction and optimum design of refrigeration systems. A brief review on
history of simulation for vapour-compression refrigeration systems is done. The models for evaporator, condenser, compressor,
capillary tube and envelop structure are summarized. Some developing simulation techniques, including implicit regression and
explicit calculation method for refrigerant thermodynamic properties, model-based intelligent simulation methodology and
graph-theory based simulation method, are presented. Prospective methods for future simulation of refrigeration systems,
such as noise-field simulation, simulation with knowledge engineering methodology and calculation methods for nanofluid
properties, are introduced briefly.
� 2007 Elsevier Ltd and IIR. All rights reserved.
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1. Introduction

The output of refrigeration systems has been increasing
rapidly in recent decades and refrigeration systems become
more important for people’s daily lives. For example, room
air conditioners used in China increased by about 15% per
year in the past 10 years, and nowadays the use of air
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conditioners consumes a lot of electricity, amounting up to
40% of the total electricity consumption in the summer in
some cities like Shanghai. Therefore, it is important to
make the design process of refrigeration systems more
efficient and the product performance better. Computer
simulation is one of the valuable means to accomplish this
target [1,2].

The following conventional method is still used for
designing refrigeration systems: to determine the required
performance object of a product at first, then to estimate
the working conditions, and to calculate the structural
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parameters at last. This process is very straightforward and
quite easy to be understood. However, the actual perfor-
mance of the product might obviously deviate from the
required one because there is no accurate model used in
the design process. In order to make the products have the
desired performance, the processes of developing pro-
totypes, testing their performance and modifying their struc-
tures have to be repeated many times, which will increase
the cost and delay the design process.

The computer simulation method has been used for
designing refrigeration systems and has shown its advan-
tages over the conventional one. With the computer simula-
tion method, the working conditions and the configuration
parameters of the product are given at first, then the perfor-
mance is predicted, and at last the configuration parameters
of the product is evaluated based on the performance predic-
tion. If the predicted performance does not meet the require-
ment, the configuration parameters should be adjusted, and
simulation with the adjusted structural parameters will be
done again. The process of modifying the parameters and
simulating with modified parameters will be repeated for
many times until a set of the most suitable parameters is
obtained. Such a computation process can be implemented
by adding some optimization subprograms or directly oper-
ated by users based on their experiences, and can be used for
optimum design of refrigeration systems.

The requirements for simulation at least include:
(1) stability, (2) rapidness and (3) accuracy. These three
requirements may conflict with each other, and then a com-
promise has to be made. A lot of techniques to improve
the stability, rapidness and accuracy have been presented,
but the effects are still not good enough in many cases and
more researches are necessary.

The present paper will summarize the state of the art of
the simulation techniques for vapour-compression refrigera-
tion systems and predict the possible development in the
future.

2. Developed simulation techniques

Simulation of refrigeration systems began to be an attrac-
tive topic of publications in the 1980s [3e5], was widely
used to evaluate alternatives to CFCs in the 1990s [6,7],
and still acts as an effective tool for design of refrigeration
systems using environment-friendly working fluids such as
carbon dioxide [8e10] in recent years. Models for different
kinds of refrigeration systems, including residential air con-
ditioners [4], multi-evaporator air conditioning systems [11],
residential heat pumps [3], geothermal heat pumps [12], heat
pumps for cold regions [13], automotive air conditioning
systems [14,15], chillers [16,17], household refrigerators
[6,18], autocascade refrigeration systems [9], refrigeration
systems in shipping containers [19], refrigeration systems
using rejectors for performance enhancement [10,20], etc.,
were published. Simulation has been used for fault detection
and diagnostics of HVAC and R systems [21]. The influence
of oil on the heat transfer coefficient and the pressure loss of
refrigerant flow and on the piston dynamics of hermetic
reciprocating compressors used in refrigeration can also be
simulated [22,23]. It is impossible to summarize simulation
techniques for all kinds of refrigeration systems and their
components in a size-limited paper. So only the models for
the most important components in commonly used refriger-
ation systems and those for basic refrigeration systems will
be introduced. Fig. 1 shows a basic refrigeration system
including two subsystems. The first subsystem is the refrig-
erant cycle system, including at least a compressor, a con-
denser, a throttling device and an evaporator. In some
actual refrigeration system, an accumulator, a receiver and
a filter may be included. The second subsystem is the tem-
perature-keeping system, including at least an envelop struc-
ture. In a household refrigerator, this subsystem may include
a cabinet, a door seal and some foods inside the cabinet. In
an air-conditioned room, this subsystem may include walls,
windows, a door and some furniture inside the room.

The models for all the components shown in Fig. 1 will
be discussed. In the illustration of the models of throttling
devices, only those for capillary tubes are given because
capillary tubes are used widely.

2.1. Compressor model

The type of the compressor mathematical model depends
on the study objective. For predicting the refrigeration per-
formance, three parameters including refrigerant mass-
flow rate, input power and the refrigerant temperature at
the compressor exit should be calculated accurately and
some unimportant parameters can be ignored. Compressor
models for refrigeration system simulation include follow-
ing types.

throttling device

compressor

evaporator
condenser

envelop structure

Fig. 1. Basic vapour-compression refrigeration system.
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2.1.1. Steady state model
The most important advantage of the steady state model

of compressor is its simplicity. Once the calculation method
with the (semi-) empirical parameters for polytropic expo-
nent, mass-flow rate coefficient and motor efficiency is de-
termined, the calculation of the compressor performance
becomes explicit and very fast. The steady state compressor
model is certainly suitable for a steady simulation of a refrig-
eration system. It can also be used to simulate the mass-flow
rate of refrigerant through compressor in the dynamic simu-
lation of refrigeration systems because the time constant of
refrigerant flow rate variation is very small compared to that
of the heat exchangers [4].

However, for the start-up process of the compressor when
the rotating speed of the compressor varies from 0 to its full
rotation speed, the steady state model cannot well predict the
mass-flow rate and power, and cannot simulate the tempera-
ture variation inside the compressor either.

2.1.2. Dynamic model
The actual operating characteristics of a compressor are

always dynamic even in a stable running condition. For ex-
ample, the refrigerant mass-flow rate of a reciprocating com-
pressor varies in each cycle of the compressor motor. When
a model reflecting the variation within one cycle of the com-
pressor motor is used, the time step size must be very small,
which will result in very slow simulation [24]. Therefore,
a dynamic model reflecting the dynamic characteristics of
all parts of the compressor might be more accurate than
a steady state model but too complicated for simulation of
refrigeration systems.

In order to decrease the complexity of the dynamic
model, we can divide the dynamic model of a compressor
into two parts: the steady state part for the mass-flow rate
calculation and the dynamic part for the calculation of
heat exchange process [18]. This method is recommended
for dynamic system simulation because it is simple while
the accuracy is not bad.

2.2. Capillary tube model

Experimental and theoretical studies on capillary tube
began in the 1940s [25], and a lot of models and algorithms
have been developed to meet different requirements.

2.2.1. Adiabatic and non-adiabatic capillary tube models
Models for adiabatic capillary tubes [26e28] are simpler

than those for non-adiabatic ones, and they have been stud-
ied for longer time. These models can be used to describe the
refrigerant flow in insulated capillary tubes as well as in
capillary tubes having low heat exchange with their sur-
roundings. A capillary tube directly exposed to the ambient
air, as used in room air conditioners, can be described by the
adiabatic capillary tube model because the airside heat trans-
fer area and the natural convection heat transfer coefficient
are small and the speed of the refrigerant flow through the
capillary tube is high.

When the capillary tube is combined with the suction
tube to make a regenerator, as is often done in household
refrigerators, the heat transfer will influence the refrigerant
mass-flow rate, and the capillary tube under this condition
belongs to non-adiabatic capillary tube. Simulation of
a non-adiabatic capillary tube is more difficult than that of
an adiabatic capillary tube because the reverse heat transfer
in the non-adiabatic capillary tube may happen and result
in instability in calculation [29,30]. A detailed model to
describe the reverse heat transfer and re-condensation phe-
nomena in a non-adiabatic capillary tube will cost much
computation time than a model for an adiabatic capillary
tube. As the calculation speed and stability is very important
for simulation of refrigeration systems, a simple and easy-
computation capillary tube model, like the linear quality
model [29], is preferred in the simulation of the refrigeration
system with a non-adiabatic capillary tube.

2.2.2. Homogeneous-flow and separated-flow
distributed parameter models

Most of models for adiabatic and non-adiabatic capillary
tubes are distributed parameter models which can be further
divided into homogeneous-flow distributed parameter model
and separated-flow distributed parameter models.

The homogeneous-flow model has assumptions of
thermodynamic equilibrium, nil slip and complete mixing
between liquid phase and vapour phase. It is simpler than
the separated-flow models. But the neglect of the metastable
flow in the homogeneous-flow model will lead to under-
estimation of refrigerant mass-flow rate.

The separated-flow model has fewer assumptions and can
reflect the metastable flow of refrigerant through the capil-
lary tube [31,32]. The metastable flow described in the sep-
arated-flow model has influence on the refrigerant mass-flow
rate prediction. Due to the effect of the metastable flow, the
refrigerant mass-flow rate in capillary is affected not only by
the working conditions, but also by the way reaching this
condition [32]. That is to say that there may exist two values
of refrigerant mass-flow rate under the same working condi-
tion. So it is very difficult to improve the reliability of the
correlations for metastable flow, and this model is not suit-
able for simulation of refrigeration systems.

The slip ratio between vapour phase and liquid phase in
the homogeneous-flow model is unity, and the actual slip
ratio is a little larger than 1, as shown by Lin’s experiments
[33]. As the difference between the actual slip ratio and that
in the homogeneous-flow model is small, the predicted
mass-flow rate by the homogeneous-flow model should not
be obviously different from that by the separated-flow model
[26]. Experiments show the deviation of the homogeneous-
flow model is within �15% [34]. As the homogeneous-flow
model is accurate enough in engineering applications and is
much simpler than the separated-flow parameter model, it is
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better than the separated-flow model for simulation of refrig-
eration systems.

2.2.3. Empirical correlation models
When simulation with a distributed parameter model of

capillary tube is not fast enough, the empirical correlation
models, including the dimension associated model [35]
and the non-dimension associated model [36,37], can be
chosen.

The empirical correlation models of capillary tube, espe-
cially the dimension associated model, are usually suitable
only for a limited range of working conditions. If a new
refrigerant is used, or working conditions and configuration
parameters change a lot, then the coefficients in the empiri-
cal correlation should be renewed.

The reliability of the empirical correlation models
depends on the data in building the models. The database
can be a set of experimental data [36], or calculated results
by the distributed parameter models [37]. The available
number and range of the experimental data are limited and
the experimental data by different researchers are not always
consistent, so the accuracy of the model based on experi-
mental data cannot be widely recognized. The distributed
parameter model of capillary tube is well developed and it
can be used efficiently to produce predicted results without
uncertainties in experiments, so the empirical correlation
model based on predicted results is preferred to that based
on experimental data.

2.2.4. Approximate analytic model
Distributed parameter models are complicated while

empirical correlation models have some drawbacks in the
generalization. So these models are not suitable for the sim-
ulation of refrigeration systems. Based on some assumptions
to convert the nonlinear equation for refrigerant flow in
a capillary tube into a soluble linear equation, Yilmaz and
Ünal [38] presented an approximate analytic model whose
complexity, application range and accuracy are between
the distributed parameter model and the empirical correla-
tion model. In order to extend the application range and
improve the accuracy of this model, modifications have
been made [28], and presently the approximate analytic
model becomes the preferred capillary tube model for the
simulation of refrigeration systems.

2.2.5. Modeling of multi-capillary tubes
Most studies on capillary tubes focused on a single cap-

illary tube. But multi-capillaries are often used in actual
appliances. For example, several parallel capillary tubes
are often used in a single air conditioner, and serial capillary
tubes are used in air conditioners operating under heat pump
mode. If each capillary tube is modeled, respectively, in the
simulation of a refrigeration system with multi-capillaries,
calculation iteration has to be used to balance the mass-
flow rates in parallel capillary tubes or the pressure losses
in serial capillary tubes, which may increase computation
time by several orders of magnitude and result in divergence
in computation. So the modeling of multi-capillary tubes
should be developed for the simulation of a refrigeration sys-
tem with multi-capillaries, as done by the present author’s
group in Shanghai Jiaotong University [39].

2.3. Evaporator and condenser model

Both evaporator and condenser are heat exchangers, so
their models are summarized together as follows.

2.3.1. Steady state model
The steady state models for heat exchangers are mainly

used to describe the steady state characteristics of heat
exchangers, and can be divided into three types: (1) single-
node model or lumped parameter model [40], (2) multi-node
model or distributed parameter model [41], and (3) zone
model [42,43].

The single-node model, such as the logarithmic mean
temperature difference method, is simple. But its accuracy
is limited and it is ineffective for the heat exchanger with
phase change. The multi-node model divides the heat
exchanger into several control volumes and parameters in
each control volume are lumped. This model has higher
accuracy than lumped parameter model, but the simulation
time becomes longer. The zone model divides a heat ex-
changer into several zones and parameters in each zone
are lumped. Usually three zones, i.e. superheated zone,
two-phase zone and subcooled zone, are included for a con-
denser; and two zones, i.e. two-phase zone and superheated
zone are included for an evaporator. Both the accuracy and
the calculation speed of the zone model are between those
of the lumped parameter model and the distributed parame-
ter model. There is only a little accuracy difference between
the zone model and the distributed parameter model, while
the calculation speed of the zone model is obviously faster
than that of the distributed model, so the zone model is a suit-
able model for system simulation when the requirement on
accuracy is not extremely high.

2.3.2. Dynamic model
When the dynamic characteristics of a heat exchanger

should be predicted, a dynamic model, such as a transient
model or a long-term dynamic model is needed instead of
a steady state model. The transient model [11,44] can well
represent the heat exchanger dynamic response to the varia-
tion of the boundary conditions in a short time, and it is often
used to develop controllers to avoid unstable operating of
refrigeration systems. But the time step size must be very
small for the transient model, which may result in very
long computation time. So the transient model is not recom-
mended for dynamic simulation of refrigeration systems.
The long-term dynamic model [18] can better describe the
dynamic performance of heat exchangers of refrigeration
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systems in a long time and almost all of the nonlinear terms
in the model should be maintained because of large para-
meter variations in the long time.

According to the parameter-lumped characteristics,
dynamic models can be classified into single-node model
[3,4], multi-node model [24,44,45] and zone model [18].
Considering the balance of accuracy and computation
time, the zone model is better than other two models for
dynamic simulation of refrigeration systems.

As a summary of the above discussion, the zone and
long-term dynamic model is recommended for dynamic
simulation of refrigeration systems.

2.4. Envelop-structure model

An envelop-structure model, especially a dynamic
model, is necessary in the evaluation of some characteris-
tics of refrigeration systems, such as the cooling-down
speed and temperature-recovery time of household refrig-
erators. An envelop structure is often made of solid mate-
rials whose property variation can be ignored in the actual
range of refrigeration conditions. The envelop structure
can be exclusively considered as thermal resistant in the
steady state simulation of the refrigeration appliances,
and it is easy to be calculated. But the prediction of the
dynamic characteristics of the envelop structure is more
complicated.

In the earlier stage of development in dynamic simula-
tion of refrigeration system, only transient characteristics
were studied [3] and the ambient conditions related to the
envelop structure were assumed to be fixed because the
time duration of the transient process is much shorter than
the time constant of the envelop structure. But this assump-
tion does not fit for a long-term process simulation.

One of understandable ways to build the dynamic model
of the envelop structure for system simulation is to formulate
the heat transfer differential equations for the envelop struc-
ture and to solve them together with the equations for other
components during the entire simulation process. With this
method, the envelop structure should be divided into a lot
of layers in order to get a suitable accuracy, and many corre-
sponding dynamic equations for these layers have to be for-
mulated, which should be solved in each time interval. The
solving process for these equations may take a long time and
decrease the simulation stability. For system dynamic simu-
lation and optimization, the calculation time required by the
envelop-structure model should be as short as possible.
Therefore, it is better not to combine the major parts of
the computing tasks of the envelop structure with the system
simulation.

In order to meet the requirement of dynamic simulation
of refrigeration system, dynamic model for envelop structure
based on the classical control theory or the modern control
theory, and synthesis method of transfer function have
been developed.
2.4.1. Dynamic model for envelop structure based
on classical control theory

The envelop structure can be dealt with as a linear system
because its properties change little. We can firstly calculate
the transfer behaviour of the envelop structure, and then syn-
thesize them with the disturbance variables to calculate the
system dynamic response in the simulation of refrigeration
systems. As there is only one time to solve the differential
equations for envelop structure, the calculation time is not
very long. Such a method is very suitable for dynamic sim-
ulation of refrigeration appliances. This kind of methods
includes response coefficient method, Z transfer coefficient
method and harmonic wave method [1,2,46e52].

When the harmonic wave method is applied to structural
walls, the decay and delay to each stage harmonic wave
can be calculated in advance. The response can easily be
obtained after the synthesis of each stage harmonic wave
is input. The concept of unstable heat transfer through
a plane plate introduced by the harmonic wave method,
such as decay, delay and heat accumulation characteristics,
has obvious physical meaning and can be understood easily.
But the harmonic wave method has the premise of periodic
disturbance and is inconvenient for refrigeration appliance
simulation. The response coefficient method appearing at
the end of the 1960s [46] casts off the limitation of the peri-
odic disturbance premise, and can be used more easily.
Many coefficients have to be memorized in the response
coefficient method, while only a few coefficients are needed
in the Z transfer coefficient method. Because of the advan-
tage of fewer coefficients, the Z transfer coefficient method
is recommended for the simulation of refrigeration systems
although the calculation method for Z transfer coefficients is
more complicated than that for response coefficients.

2.4.2. Dynamic model for envelop structure based
on modern control theory

The root-finding in the response coefficient method and
the calculation of Z transfer coefficients based on the classi-
cal control theory is difficult [49]. In order to overcome this
difficulty, the state-space method in the modern control the-
ory was introduced for the envelop-structure model [53,54],
which has the following characteristics compared to the
Laplace transformation method:

(1) Formula deduction is simple. Formula deduction with
the Laplace transformation method based on the classi-
cal control theory should convert the time-domain
problems into frequency-domain problems at first and
then reconvert them to the time domain. But all the
problems are solved only in the time domain with the
state-space method, so the process is simpler than
that with the Laplace transformation method.

(2) The calculation on computer is easy to be realized.
Only easy operations of some matrices are needed for
the calculation based on the state-space method, while
complex calculation of pole points or roots of complex
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functions are required by the Laplace transformation
method.

(3) The time-dependent temperature and heat flow varia-
tion inside the plate can be represented conveniently.
The transfer function of the Laplace transformation
method is an outside model, and only the time-
dependent output temperature and heat flux variation
can be obtained. But the state-space method is an inside
model, and can easily reproduce the time-dependent
variation of temperature and heat flux at each state
point.

(4) The accuracy of the state-space method is lower than
the Laplace transformation method because the state-
space method is actually a semi-differential method.
But the accuracy of the state-space method is good
enough in engineering applications.

2.4.3. Synthesis of transfer function and variable
time interval

The transfer function method described in Sections 2.4.1
and 2.4.2, such as the response coefficient method and the Z
transfer coefficient method, is only for a single plane wall. If
each plane wall is considered as an independent component
in the simulation of a refrigeration system, a lot of iterative
computation are needed to determine the heat flow rates in
every wall of the envelop structure. In order to enhance
the calculation speed and stability obviously, the transfer
functions of all plane walls should be synthesized into the
transfer function of the entire envelop structure, which will
be used in the simulation of the refrigeration system instead
of the transfer function of each plane wall. The synthesis of
transfer function can use the common ratio method, the
dominating characteristic root method or the system identi-
fication method [55,56].

Matching of the time interval between the envelop struc-
ture and the refrigerant cycle system is another key to im-
prove the simulation speed and stability. The time interval
of the refrigeration system simulation may be changeable,
but the time interval of the envelop structure algorithm based
on transfer function is usually fixed. So variable time-interval
algorithm for the envelop structure should be developed.

Among the published variable time-interval algorithms
for the envelop structure, the interpolation method [1] is
the simplest one, but it is only suitable when the disturbance
changes slowly. If the disturbance changes quickly, more
complicated methods, such as the method based on the
superposition theorem in the linear system, or that based on
cross disturbance decomposition, can be used [57].

2.5. System model and algorithm

In order to simulate a refrigeration system, component
models should be combined into an overall model according
to the relationship among component parameters. Fig. 2 is
a simplified diagram from Ref. [24], and it shows the bound-
ary parameter coupling among components of a refrigeration
system when the pressure losses in heat exchangers are
ignored. Calculation of the compressor performance needs
input boundary parameters including the outlet refrigerant
enthalpy and pressure of the evaporator (heva,out and peva)
as well as the refrigerant pressure of the condenser (pcond).
But in order to get heva,out and peva from the evaporator
model, or to get pcond from the condenser model, the refrig-
erant mass-flow rate through the compressor (mcom) should
be calculated by the compressor model at first. Such cou-
pling of parameters means that it is complicated to combine
all components for the simulation of the refrigeration sys-
tem, and suitable simulation algorithms should be carefully
chosen.

One of the algorithms for system simulation is the simul-
taneous solving method [3]. This method combines all the
equations and initial conditions into an equation group and
solves these equations simultaneously with Euler method,
NewtoneRaphson method, RungeeKutta method, etc.
Simultaneous solving method has wide uses, but it has no
physical meaning in calculation process. It is difficult for
the user to detect the cause if divergence happens in the
calculation, and the calculation stability is not easy to be
ensured.

Another algorithm is the sequential module method [18].
This method uses some kinds of balance conditions, such as
the mass balance, as the convergence criterion. A set of ini-
tial values is assumed, and then calculation starts from the
innermost cycle, and other parameters are output. If the con-
vergence criterion is not satisfied, the old assumed initial
values would be updated and then the iteration has to be re-
peated again. The cycles in all levels are calculated in such
steps. This method has obvious physical meaning. It is easy
to debug and to ensure the calculation stability. Its shortcom-
ing is that it has low generalization and the algorithm should
be designed according to the actual system cycle steps.

For the purpose of developing simulation software
for a specific refrigeration system instead of developing a
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Fig. 2. Coupling of boundary parameters among components.
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common simulation platform, the sequential module method
is more effective.

3. Developing simulation techniques

There are some developing techniques to improve the
accuracy and speed of simulation, or to extend simulation
functions.

3.1. Reversible fast calculation method for refrigerant
thermodynamic properties

The purpose of developing the reversible fast calculation
method for refrigerant thermodynamic properties is to accel-
erate the simulation speed and to improve the simulation
stability.

3.1.1. Requirements on calculation method for
refrigerant thermodynamic properties in
system simulation

Refrigeration system simulation has the following re-
quirements on the calculation of refrigerant thermodynamic
properties:

(1) Fast calculation. Since there are numerous calculations
of refrigerant thermodynamic properties in the simula-
tion, the calculation speed of refrigerant thermodynamic
properties is a vital factor for practical simulation, and it
influences the component model selection in the entire
system simulation. If the calculation of refrigerant ther-
modynamic properties is complicated, the models for
the components have to be simplified in order to guaran-
tee the calculation speed of the entire system simulation,
which will decrease the function and accuracy of the
system simulation.

(2) High stability. Since there exist numerous times of calls
for the calculation of refrigerant thermodynamic prop-
erties, calculation divergence is likely to happen even if
divergence probability is low in a single calculation,
and the requirement on the stability has to be extremely
strict.

(3) Reversibility. In the simulation of refrigeration and air
conditioning systems, many refrigerant thermodynamic
properties need to be converted to each other. Even
a very little deviation in a single conversion process
will lead to a large difference in the final calculated re-
sults because of a large number of iterations required.

(4) Continuity and smooth. Only an iteration of continuous
functions can provide a convergence result. As some
differential coefficients are used for some kinds of
refrigerant thermodynamic properties, the differential
coefficients of those thermodynamic properties should
be continuous too, i.e. the function curve of the refrig-
erant thermodynamic properties should be smooth.
The EOS (equation of state) method is usually used to
predict refrigerant thermodynamic properties in a wide
range with a high accuracy. But the calculation speed and
stability are limited by unavoidable iterations in calculation
and so the EOS method is not suitable for simulation of
refrigeration systems.

3.1.2. Some methods to speed up the calculation speed of
refrigerant thermodynamic properties

The look-up table method is an easy way to improve the
calculation speed of refrigerant thermodynamic properties.
A table that contains the values of different refrigerant ther-
modynamic properties should be established in advance for
this method. These values are mostly calculated with EOS.
The simulation program will look-up this table during the
simulation process. If the state point is not included in this
table, its property value will be calculated from those at its
neighboring state points in the table with a linear interpola-
tion method. This method can satisfy the high speed and
stability requirements for simulation and has been applied
in the heat exchanger simulation software developed by
National Institute of Standards and Technology of America
[58]. But it cannot guarantee the smooth requirement. In the
look-up table, the refrigerant thermodynamic properties are
given at many grid points, and they are linear in each mesh.
The refrigerant thermodynamic properties at the intersection
grid points of different meshes are continuous but not
smooth. This will limit the use of differential coefficients
during the simulation.

The explicit polynomial regression method is another
simple yet fast calculation method for refrigerant thermody-
namic properties. The stability of this method is also better
than EOS while the accuracy is still satisfied [59]. But this
method cannot guarantee the calculation reversibility. So di-
vergence might happen in simulation unless extremely high
regressing accuracy is applied.

Cleland [60,61] presented a method to speed up the cal-
culation of refrigerant thermodynamic properties and gave
the correlations for R12, R22, R114, R502, R717 (NH3)
and R134a for the saturation temperature of �60 to 60 �C.
The calculation reversibility of the formulae for saturation
pressure and temperature can be ensured. This model is
simple, practical and consumes less calculation time. But
it cannot be directly used for zeotropic refrigerant mixtures
and the application range may exclude the region near the
critical point.

3.1.3. Implicit regression and explicit calculation method
The implicit regression and explicit calculation method

can ensure the calculation speed, stability and reversibility
of refrigerant thermodynamic properties [62]. With this
method, an implicit polynomial equation is got by regres-
sion, and analytical solutions of this equation are used as
the correlations for calculating refrigerant thermodynamic
properties. Two analytical solutions from the same equation
are certainly reversible. The highest power in this equation is
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not larger than four in order that the equation can be solved
analytically. An implicit polynomial equation for regression
can be got from an explicit polynomial equation by con-
verting the dependent variable of the explicit polynomial
equation into an independent variable. As the implicit poly-
nomial equation contains one more independent variable
than the explicit equation, it can contain more lower-order
terms and so has better accuracy.

If the application range is wide, the piecewise smooth re-
gression method should be used. That is to divide a wide
range into several subsections and to guarantee the continuity
of the function and its first order derivatives at the intersec-
tion point. If the application range is extended to near the crit-
ical point, quadric equations is better than curve-fitting when
no data can be given for regression near the critical pressure.

The implicit regression and explicit calculation method
is suitable for both pure refrigerants and refrigerant mix-
tures. The deviations from the original property values for
regression can be ignored while the calculation speed can
be increased by three orders of magnitude.

3.2. Model-based intelligent simulation methodology to
improve the simulation accuracy and flexibility

Artificial intelligence techniques, such as ANN (artificial
neural network), fuzzy theory and expert system, belong to
non-model method. They do not need mathematical models
but have high adaptability. The artificial intelligence tech-
nique was used to predict the performance of refrigeration
and air conditioning appliances [63e66]. But some unsolv-
able problems in using such a method may occur because of
the imperfection of the artificial intelligence technique itself
and the limitation of the user’s understanding.

The conventional mathematical model method has been
theoretically studied and practically applied for many years.
The mathematical model is more likely to ensure the quali-
tative correctness of simulation than the intelligent method.
It is a good way to combine the conventional mathematical
method with the intelligent method together in order to take
the advantages and to avoid the shortages of both methods.
When the modern artificial intelligence techniques are com-
bined with mathematical models of refrigeration systems,
called as model-based intelligent simulation [2], the simula-
tion software has certain ‘‘intelligence’’ for simulating the
actual complex objectives and becomes more practical.

With the model-based intelligent simulation method, the
predicted result of the model can well fit the experimental
data as its empirical coefficients can be adapted by an artifi-
cial intelligence module. The training task of the artificial in-
telligence module will be reduced, and the training speed
can be accelerated if the calculated results by the theoretical
model are used as the initial or prior assumed values for the
artificial intelligence module. The adjustment process of the
empirical coefficients in the mathematical model can be
converted into the training process of the artificial intelli-
gence module, and can be executed by the computer itself.
In this way, less or even no artificial adjustment is needed
in the simulation, and self-learning, self-adjusting and self-
adapting function can be realized. On the other hand, the
number of input parameters and the dimension of the artifi-
cial intelligence module will be decreased since many im-
portant parameters including configuration parameters are
already included in the mathematical model. Those compli-
cated, empirical and even uncertain factors can be incorpo-
rated into the artificial intelligence module so that the
mathematical model can be simplified [2].

For the heat exchanger model, ANN can be used to make
up the deviations between the original model prediction and
experimental data [67]. Distributed parameter models are
usually used for highly accurate simulation of heat ex-
changers. But the simulation of a distributed parameter
model is slow. In order to raise the simulation speed with
good accuracy, a simplified model can be used firstly, and
then an ANN is used to make up the difference between
the simplified model and the distributed parameter model.
For a condenser, three-zone model can be used instead of
a distributed parameter model, and two ANNs can be
used, as shown in Fig. 3. The ANN for model reduction is
to make up the difference between the zone model and the
distributed parameter model, and the ANN for accuracy im-
provement is to make up the deviations between the model
prediction and the experimental data. Practical utilization
of this model shows that the computation is two orders of
magnitude faster than the distributed parameter model,
while the precision is also improved.

For the compressor model, a simple mathematical model
containing two empirical parameters of volumetric efficiency
and motor efficiency can be combined with an intelligent
module. These two empirical parameters, which are usually
regressed by experimental data, are calculated by the intelli-
gent module such as the ANN or the fuzzy algorithm [68].
Fig. 4 shows the simulation process of volumetric efficiency
with the compound fuzzy model. At first we can find the the-
oretical flow rate from the theoretical model according to the
configuration parameters and the rotation speed of refrigera-
tion compressors. The input parameters of the learning pro-
gram, such as the theoretical flow rate, the configuration
parameters, the rotation speed, the evaporation temperature,
the condensation temperature and the actual flow rate, are
used to train the fuzzy model. In the prediction program,
the main body is the trained fuzzy model and some modules
for data treatment. When we use the model for performance

Inputs 

k

Three-zone
condenser model

Outputs 

l

ANN for accuracy
improvement 

ANN for model
reduction

Fig. 3. Schematic of condenser model integrated with ANNs [67].
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Fig. 4. Fuzzy simulation for volumetric efficiency of refrigeration compressor [68].
prediction, the configuration data and the rotation speed of
the compressor are used as inputs of the theoretical model
to calculate the theoretical flow rate, and then the predicting
program is used to calculate the volumetric efficiency accord-
ing to the inputs shown in Fig. 4.

For the capillary tube model, the original nonlinear equa-
tions can be converted into some integral equations by using
the ANN to identify some coefficients and the simulation
can be speeded up [69].

In the process of using the ANN to improve the perfor-
mance of the entire refrigeration system, we should firstly
determine the characteristic parameters indicating the im-
portant performance of the system, such as input power to
compressor, condensing pressure, evaporating pressure, con-
densing heat, cooling capacity, the refrigerant pressure drop
in the evaporator. The simulation result of the characteristic
parameters can be improved by adjusting the empirical pa-
rameters in the refrigeration system model, such as the com-
pressor volumetric efficiency, motor efficiency, heat transfer
coefficients and friction coefficient. Adjustment of one em-
pirical parameter will lead to a variation of calculated results
for the entire appliance, so these parameters can hardly be
adjusted step by step by the user. A good way is to convert
all empirical parameters into a vector and then to optimize
this vector in the entire system characteristic space. Consid-
ering the complexity of this process, the ANN is recommen-
ded in the adjusting processes. Both the direct adjusting
method and the deviation-based adjusting method are
available [70].

3.3. Graph theory based simulation for general
description of refrigeration systems

There are a vast variety of refrigeration systems and their
components. In order to decrease the difficulty in using
simulation techniques, general and reliable simulation
methods are required. CYCLE-11 developed by Domanski
and McLinden [71] is one of such methods, but it is only ef-
fective for simple theoretical cycle analysis. We should
develop new methods for more complicated systems, and
graph theory can be applied for this purpose [41,72].

Graph theory abstracts a specific problem into a graph of
nodes and verges, and it has been applied to many fields,
such as electric circuit network and fluid network. A refrig-
eration cycle is usually described by lg peh diagram which
is one kind of graph. However, the refrigerant flow direction
must be added to the diagram in order to reflect the refriger-
ation cycle definitely, and the entire refrigeration cycle will
become a directed graph composed by multi nodes. Fig. 5(a)
shows a directed graph for a two-stage compression refriger-
ation cycle, and the cycle can be expressed by the matrix in
Fig. 5(b) where the information in rows refers to the process
leaving the connection point, and the information in col-
umns refers to the process getting to the connection point.
If there is no connection between two points, then the digit
at the position is 0. The digit 1 in row 1 and column 2 means
that there is refrigerant flowing from point 1 to 2, and the pro-
cess type is 1. The digit 4 in row 1 and column 9 means that
there is refrigerant flowing from point 9 to 1, and the process
type is 4. The meaning of each process type digit is: 1e
compression; 2econdensation; 3ethrottling; 4eevaporation;
5esubcooling; 6esuperheating; 7eliquid separation;
8evapour separation; 9emixing.

Graph theory can also be used to describe heat exchanger
structures. A lot of heat exchangers with different configura-
tions may exist in one refrigeration system, and the descrip-
tion of the refrigerant flowing in the tubes becomes
complicated. A practical way to describe such a kind of sys-
tem is to number each tube and the refrigerant flow direction
within a single heat exchanger at first, as shown in Fig. 6(a);
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then to create a directed graph, as shown in Fig. 6(b); and at
last to build an adjacent matrix, as shown in Fig. 6(c). The
row number and the column number in Fig. 6(c) start from
0, and the digit 1 in Fig. 6(c) indicates tube connection while
0 means no connection. For example, digit 1 at the 1st row
and 9th column means that tube 0 connects tube 8. This
method has already been used in heat exchanger simulation
[41] and optimization [73].

4. Promising simulation techniques in the future

There are still some simulation techniques which are not
well used in the refrigeration field now but are believed by
the present author to have a good prospect in the future.

4.1. Noise-field simulation

Noise is an ever present by-product of most refrigeration
appliances and may become a critical problem when the ap-
pliances are used in bedrooms. People always like quiet in
sleeping, and noise might be the most important factor for
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Fig. 5. Graph description for two-stage compression refrigeration

cycle: (a) directed graph, (b) matrix.
a customer to choose a room air conditioner for his/her bed-
room. So the noise generated by refrigeration systems and
their components has become a concern of the designer.
Efforts with simulation or other methods to decrease the
noise of refrigeration systems and their components have
been made [74e78].

As a fan is an obvious noise source, simulation of the
aerodynamic noise of fans is necessary [79]. However, the
air duct system of a refrigeration system may contain
more components than a single fan. For example, the air
duct system of an air conditioner outdoor unit consists of
a fan, a heat exchanger, a deflecting ring, an air outlet louver,
an electric motor supporter, etc. It is better to simulate the
entire air duct system in order to get a better aerodynamic
noise decrease for the entire refrigeration system. With the
help of simulation, the influence of the components of the
air duct system on the noise can be analyzed and then these
components may be optimized to decrease the noise of the
refrigeration system. For example, the noise generated by
the outdoor unit of a split air conditioner with different outlet
louvers can be predicted in order to optimize the outlet lou-
ver. Fig. 7 shows the simulated 1/3 octave sound spectrums
for the circular air outlet louver and the square air outlet lou-
ver. It can be noted that the sound pressure levels are reduced
when the circular air outlet louver is used instead of the
square air outlet louver, and the reduction is especially obvi-
ous when the frequencies is in between 800 and 2500 Hz.
Therefore, the circular air outlet louver is preferred [78].

In simulating the aerodynamic noise, the airflow field
should be simulated at first, and then the noise-field can be
predicted based on the relationship between the airflow field
and the aeroacoustic field [78,79]. There exist currently a lot
of commercial CFD software which can simulate airflow
field well. But the relationship between the airflow field
and the aeroacoustic field has not been studied enough,
and there is still a lack of good commercial software which
can simulate the aeroacoustic field easily and accurately.

Refrigerant flowing may result in obvious noise in some
cases such as the shutdown period of a refrigeration system.
So simulation of refrigerant flowing noise is needed. But
such requirement cannot be met in recent years because
even the CFD simulation of two-phase refrigerant flow is
still difficult at present.

Accurate simulation of noise of the entire refrigeration
system and its components is beneficial to design a refriger-
ation system with lower noise. But the noise of a refrigeration
system may include not only the aerodynamic noise, refrig-
erant flowing noise but also vibration noise and other types
of noise. More researches in this field are expected.

4.2. Extending simulation function by knowledge
engineering methodology

Numerical simulation can produce a large amount of
useful data which can be used in product development
processes. But the knowledge of analyzing simulation output
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for decision-making is not inherently captured in the numer-
ical simulation methodology. When the numerical simulation
activities are spread from small scale to industrial product
design, new problems will occur. These problems include in-
formation organization, information spreading, knowledge
control and preservation and repeated mistakes, etc.

When simulation is combined with knowledge engineer-
ing methodology, the simulated data can be used effectively
in product design [80]. One way to extend simulation func-
tion is to integrate simulation expert knowledge with domain
knowledge, commonsense reasoning techniques, and
qualitative and quantitative simulation techniques. The sim-
ulation model can be set up from a description of the system
and the user concern in the form of a question to be
answered. The output analysis includes assistance for statis-
tical analysis, explaining a set of observations, and generat-
ing alternative ways to improve performance or to solve
a problem [81].

Knowledge engineering methodology has been used in
automobile industries for many years, but there are only
a few applications in the refrigeration and air conditioning
field [82]. The development of simulation methodology
and knowledge engineering methodology may give a better
chance to combine these two methodologies together,
and to use them better in the development of refrigeration
products.
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4.3. Calculation methods for nanofluid properties

Nanofluid is a new type of heat transfer fluid by suspend-
ing nanoparticles in a conventional liquid, and it can have
much higher thermal conductivity than a conventional heat
transfer fluid [83]. Nanoparticles can be added to coolant,
lubricant or refrigerant in a refrigeration or air conditioning
system [84], and nanofluid might be used more widely in the
future.

As a basis of simulating a refrigeration system with nano-
fluid, the calculation method for nanofluid properties is
required. The thermal conductivity, as a basic property of
a nanofluid, has been simulated with different methods.
Wang et al. [85] believed that the traditional thermal conduc-
tivity algorithms of solid-liquid phase fluids, such as the
Maxwell model and the Bruggeman model, were imprecise
for nanofluids, and they presented a modified Maxwell
model based on the fractal theory. Xuan et al. [86] presented
another modified Maxwell model by considering the
Brownian motion. Keblinski et al. [87] believed that the
key factors of heat transfer enhancement of nanofluids
were nanoparticles’ dimensional effect, fraction of nanopar-
ticles and particles aggregation. Ding et al. [88] presented
a simulation method, which can reflect the influence of
nanoparticles’ dimensional effect, ratio of nanoparticles
and particles’ aggregation. With Ding’s method, the space
structure of a nanoparticle cluster should be simulated firstly,
the thermal conductivity of a nanoparticle cluster is done
secondly, the influence of the adsorption layer on the thermal
conductivity of a nanoparticle cluster is calculated thirdly,
and the thermal conductivity of the nanofluid can be pre-
dicted finally. Fig. 8 shows the simulated space structure
of a nanoparticle cluster which is similar to that of the elec-
tron microscopy photo.

Fig. 7. Influence of shape of air outlet louver on noise generated by

the outdoor unit [78].
Many kinds of nanofluid properties, such as electric con-
ductivity and viscosity, have not been studied yet. Calcula-
tion methods for these properties are needed in simulation
of a refrigeration system with nanofluid, and should be
presented in the future.

5. Concluding remarks

Simulation has become a useful method in design of
vapour-compression refrigeration systems. A practical sim-
ulation method must be stable, rapid and accurate. The
requirements on stability, rapidness and accuracy may con-
flict with each other, and then a compromise has to be
made according to the specific simulation objective. For dif-
ferent simulation purpose, the suitable model and algorithm
may be different. For the simulation of a refrigeration system
consisting of several components, the component models
should be simpler than that for the simulation of a single
component. The dynamic model of compressor for simula-
tion of refrigeration systems can be divided into two parts:
the steady state part for the mass-flow rate calculation and
the dynamic part for the calculation of heat exchange pro-
cess. The approximate analytic model for capillary tubes,
and the zone and long-term dynamic model for heat
exchangers are recommended for dynamic simulation of
refrigeration systems.

An envelop structure can be considered as a linear system
because the property variation can be ignored in the actual
range of refrigeration conditions. It is not the best method
to formulate the heat transfer differential equations and
solve them together with the equations for other components
during the entire simulation process. It is recommended to
calculate the transfer behaviour of the envelop structure at
first, and then to synthesize them with the disturbance vari-
ables to calculate the system dynamic response in the

Fig. 8. Simulated space structure of a nanoparticle cluster [88].
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simulation of refrigeration systems. As there is only one
time to solve the differential equations of the envelop struc-
ture, the calculation speed can be enhanced by several orders
of magnitude.

The EOS method is an accurate method to calculate re-
frigerant thermodynamic properties. But it is not suitable
for simulation of refrigeration systems because of its low
calculation speed and poor stability. The implicit regression
and explicit calculation method is one of the suitable, fast
and stable methods to calculate refrigerant thermodynamic
properties for simulation of refrigeration systems.

Besides the thermal properties, the noise generated by re-
frigeration systems and their components should be a con-
cern of the designer. But the simulation techniques for the
noise of refrigeration system only focus on aerodynamic
noise at current stage. There is still a lack of publications
on refrigerant flowing noise simulation, vibration noise sim-
ulation and other type of noise simulation for refrigeration
systems. More attentions should be paid on noise simulation
techniques.

Techniques to assist engineers to feel easy in developing
or operating simulation software and to well use the simula-
tion results in product development processes are required
and will be developed in the future. Such techniques include:
general refrigeration system simulation platform based on
graph theory, model-based intelligent simulation technique,
and combination of knowledge engineering methodology
with simulation.

Nanofluid might be used widely in the future. The calcu-
lation method for nanofluid only focuses on the thermal
conductivity at present, and should be extended later.
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